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HIGHLIGHTS 


►  Sticktight-like  and  nanosheet-like  Co304  particles  are  prepared  by  a  hydrothermal  reaction  and  subsequent  calcination. 

►  Nanosheet-like  Co304  shows  better  rate  capability  than  sticktight  Co304. 

►  A  relatively  low  initial  capacity  loss  (16%)  can  be  achieved. 
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Sticktight-like  particles  and  nanosheets  of  basic  cobaltous  carbonates  of  different  morphologies  are 
synthesized  through  a  hydrothermal  process.  Their  structures  and  formulas  are  characterized  by  X-ray 
diffraction,  scanning  electron  microscopy,  transmission  electron  microscopy,  X-ray  absorption  fine 
structure  and  thermogravimetry.  After  being  calcined  at  400  °C  and  500  °C,  these  basic  cobaltous 
carbonates  change  into  Co304  powders  and  are  used  as  electrode  materials  of  lithium  ion  batteries.  The 
electrochemical  test  shows  that  C03O4  powders  with  different  morphologies  are  of  different  electro¬ 
chemical  performance.  Owing  to  the  better  mechanical  strength  and  better  continuity  for  electron 
conduction  compared  with  the  sticktight-like  C03O4  samples,  the  400  °C-  and  500  °C-calcined  nanosheet 
C03O4  samples  show  better  cycling  performance  and  rate  performance.  They  retain  a  capacity  of  over 
700  mAh  g-1  at  10  C  current  density.  The  400  °C-calcined  nanosheet  Co304  sample  exhibits  a  low  initial 
capacity  loss  of  18.8%.  An  even  less  initial  capacity  loss  of  about  15.6%  is  measured  for  the  sticktight-like 
C03O4  sample. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  with  graphite  as  the  anode  and  LiCoCb  as 
the  cathode  active  materials  have  achieved  huge  success  in  the  field 
of  portable  electronic  devices.  Graphite  has  a  reasonably  high 
theoretical  capacity  of  372  mAh  g-1  and  good  cycle  performance 
which  can  satisfy  the  needs  of  small  electronic  appliance  such  as 
mobile  phones.  However,  the  specific  capacity  of  the  graphite  is  still 
too  low  for  electric  vehicles.  On  the  other  hand,  the  high  discharge- 
charge  rate  performance  is  important  in  the  design  and  develop¬ 
ment  of  electrode  materials  that  meet  the  requirement  of  advanced 
Li-ion  batteries  for  electrical  vehicles  but  the  electrochemical 
performance  of  graphite  at  high  rate  current  density  is  actually 
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quite  poor.  In  the  past  decade,  many  efforts  have  been  made  to 
search  for  alternative  materials  with  higher  specific  capacity  and 
better  rate  performance.  Transition  metal  oxides,  especially  like 
cobalt  oxides  (CoO  [1—3],  C03O4  [4-6])  have  been  proposed  as 
alternative  anode  materials  due  to  their  high  Li-storage  capacities. 
However,  the  cycling  performances  and  rate  performance  of  the 
bulk  cobalt  oxides  are  very  poor  due  to  the  huge  volume  change 
during  the  charge-discharge  processes  and  low  conductivity. 
Cobalt  oxides  with  nanostructures  have  high  specific  surface  and 
short  lithium  diffusion  distance,  which  is  beneficial  for  the  specific 
capacity  and  rate  performance.  On  the  other  hand,  the  nano¬ 
structures  of  cobalt  oxides  can  sustain  more  volume  change  during 
the  electrochemical  cycling  process.  In  the  past  decades,  cobalt 
oxides  of  different  nanostructures  including  nanotubes  [7-9], 
nanowires  [10-12],  nanobelts  [13,14],  nanoneedles  [15]  and  films 
[16-19]  have  been  prepared.  These  efforts  have  resulted  in  better 
electrochemical  performances  of  cobalt  oxides. 
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Fig.  1.  XRD  patterns  of  cobait  precipitations  at  120  °C  (a),  130  °C  (b),  140  °C  (c)  and 
150  °C  (d). 


In  this  study,  basic  cobaltous  carbonates  of  one-dimensional 
(sticktight-like)  and  two-dimensional  (nanosheet)  structures  have 
been  synthesized  by  a  hydrothermal  process.  Although  their 
derived  C03O4  samples  have  the  similar  high  capacity  and  good 
cycling  performance,  the  rate  performance  of  the  nanosheet 
sample  is  better  for  its  better  mechanical  strength. 

2.  Experimental 

Basic  cobaltous  carbonate  powders  of  sticktight-like  particles 
and  nanosheets  were  synthesized  through  a  hydrothermal  process. 
0.2911  g  cobalt  nitrate  (Co(N03)2-4H20,  1  mmol),  0.06  g  urea 
(CO(NH2)2,  1  mmol)  and  0.05  g  resorcinol  (C6H4(OH)2)  were 


dissolved  in  40  ml  distilled  water.  Then  the  solution  was  transferred 
to  a  Teflon  lined  autoclave  (50  ml)  and  placed  in  an  electric  oven 
heated  at  different  temperatures  (120,  130,  140  and  150  °C)  for 
about  20  h.  After  the  hydrothermal  process,  some  pink  powders 
were  separated  out  of  the  solution.  These  powders  were  washed  by 
water  and  alcohol  for  several  times  and  then  dried  in  a  vacuum 
oven  at  70  °C.  These  samples  were  named  as  P120,  P130,  P140  and 
P150,  corresponding  to  their  different  hydrothermal  temperatures 
120,  130,  140  and  150  °C,  respectively.  Then  the  particles  with 
uniform  morphology  (P120,  P150)  were  calcined  at  400  or  500  °C 
for  5  h  to  obtain  cobalt  oxides.  As  a  comparison,  a  commercial 
C0CO3  was  also  calcined  at  400  °C  to  obtain  cobalt  (II,  III)  oxide 
(C03O4). 

The  crystalline  structures  of  the  powders  obtained  at  different 
temperatures  and  calcined  cobalt  oxides  were  characterized  by  X- 
ray  diffraction  (XRD)  using  a  diffractometer  (Rigaku,  Cu  Ka  radia¬ 
tion).  The  diffraction  patterns  were  recorded  at  room  temperature 
in  the  26  range  from  10°  to  80°.  The  morphology  and  particle  size 
were  characterized  by  scanning  electron  microscopy  (SEM,  JSM- 
6390LA,  JEOL)  and  transmission  electron  microscopy  (TEM,  Hita¬ 
chi  H-800).  X-ray  absorption  fine  structure  spectroscopy  (XAFS)  of 
the  powders  was  performed  in  the  National  Laboratory  of 
Synchrotron  Radiation  (NLSR,  Hefei,  China)  with  a  ring  energy  of 
0.8  GeV,  and  a  current  of  250  mA.  Thermogravimetry  (TG)  was 
performed  using  a  Shimadzu  DT  50  thermal  analyzer  with  a  heating 
rate  of  10  °C  min-1  in  air. 

The  electrochemical  properties  of  C03O4  samples  were 
measured  in  the  CR2032  coin-type  half-cells  C03O4IU  using  1  M 
LiPF6  in  EC:  DEC  (1:1  v/v)  as  the  electrolyte.  The  positive  electrodes 
consisted  of  a  mixture  of  C03O4  samples,  acetylene  black  and  PVDF 
binder  in  the  weight  ratio  of  40:30:30.  The  cells  were  assembled  in 
an  argon-filled  dry-box  (MBraun  Labmaster  130)  with  a  porous 
polypropylene  membrane  (Celgard  2400)  as  the  separator.  They 
were  cycled  on  a  multi-channel  battery  test  system  (NEWARE  BTS- 
610)  in  the  constant  current  charge-discharge  mode  in  the  voltage 
range  from  0.01  V  to  3.0  V. 


Fig.  2.  SEM  images  of  cobalt  precipitates  at  120  °C  (a),  130  °C  (b),  140  °C  (c)  and  150  °C  (d). 
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3.  Results  and  discussion 

3.1.  Structure  and  morphology 

The  XRD  patterns  of  P120,  P130,  P140  and  P150  are  shown  in 
Fig.  1.  The  sample  of  PI  20  can  be  indexed  to  the  phase  of 
Co(OH)i3(C03)o35-xH20  (JPCPDF  38-0547)  or  Co(OH)i.i4(CO3)0.43 
(JPCPDF  48-0048,  P2212).  Note  that,  the  ratio  of  C032“  and  OH 
cannot  be  determined  by  such  a  simple  XRD  analysis.  When  the 
hydrothermal  temperature  increases,  other  peaks  at  about  14°,  24° 
and  34°  become  stronger  while  the  peaks  at  26°,  33°  and  39° 
become  weaker.  When  the  temperature  increases  to  150  °C,  the 
orthorhombic  phase  (P22i2)  almost  disappears  and  another 
monoclinic  phase  become  the  major  phase  (JPCPDF  36-1475,  P2i/a, 
Co(CO3)0.5OH).  It  is  another  kind  of  basic  cobaltous  carbonate  with 
a  different  molar  ratio  between  C032-  and  OFT.  The  XRD  pattern  of 
PI 50  fits  the  standard  cards  well  but  the  second  strongest  peak  at 
about  30°  (lattice  plane  (-211))  is  quite  weak,  which  means  the 
crystal  may  grow  along  the  surface  of  (-211)  and  to  form  thin 
plates. 

The  SEM  images  of  P120  to  P150  are  shown  in  Fig.  2.  It  can  be 
seen  that  the  particle  morphology  is  highly  impacted  by  the 
hydrothermal  temperature,  changing  from  a  sticktight-like 
morphology  for  PI 20  to  a  nanosheet  for  PI 50.  The  sticktight-like 
particles  are  comprised  of  nanoneedles  of  tens  of  nanometers  in 
diameter  and  tens  of  micrometers  in  length  (Fig.  2a,  P120).  With 
increasing  the  temperature,  a  growing  number  of  nanosheet 
particles  are  generated  (Fig.  2b,  c).  When  the  temperature  rises  up 
to  150  °C,  the  morphology  of  the  product  is  almost  all  nanosheets 
(Fig.  2d).  Since  P120  and  P150  are  of  different  structures  (ortho¬ 
rhombic  for  sticktight-like  particles  and  monoclinic  for  nano¬ 
sheets),  it  means  different  structures  have  different  preferential 
orientations  and  lead  to  ID  or  2D  nanostructure.  The  TEM  images 
and  SAED  patterns  of  PI 20  and  P150  of  uniform  morphology  are 
shown  in  Fig.  3.  The  SAED  patterns  show  different  lattice  structures 
and  high  crystallinity  of  these  two  samples  with  different 
morphologies. 

Although  both  PI 20  and  PI 50  are  basic  cobaltous  carbonate 
according  to  above  XRD  analysis,  their  real  chemical  formulas  are 
not  very  clear.  Thus,  they  are  further  characterized  by  XAFS  test  and 
TG  analyses.  XAFS  (Fig.  4)  is  used  to  characterize  the  valence  state  of 
cobalt  and  the  groups  around  the  cobalt  atom.  It  is  seen  in  Fig.  4 
that  both  the  sticktight-like  sample  (PI 20)  and  the  nanosheet 
sample  (P150)  show  an  XAFS  spectrum  similar  to  that  of  the 
commercial  CoC03.  Their  main  absorption  peaks  are  all  located  at 


Photon  Energy  (eV) 

Fig.  4.  XAFS  spectra  of  cobait  precipitates  synthesized  at  120  °C  (a),  150  °C  (b)  and 
commercial  C0CO3. 


about  7727  eV,  suggesting  that  the  valence  state  of  cobalt  in  these 
products  is  all  divalent  (+2).  The  differences  in  the  intensities  and 
positions  for  other  peaks  may  imply  that  they  have  different 
coordination  structures  by  either  C032-  or  both  C032-  and  OH- 
groups. 


Fig.  3.  TEM  image  and  SAED  pattern  of  cobalt  precipitates  at  120  °C  (a)  and  150  °C  (b). 
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Fig.  6.  SEM  micrographs  of:  a)  sticktight-like  Co304  calcined  at  400  °C;  b)  sticktight-like  Co304  calcined  at  500  °C;  c)  nanosheet  Co304  calcined  at  400  °C;  and  d)  nanosheet  Co304 
calcined  at  500  °C. 


The  TG  curves  of  PI 20  and  PI 50  are  shown  in  Fig.  5.  A  major 
weight  loss  process  at  about  250  °C  is  observed  for  both  samples 
due  probably  to  the  decompositions  of  hydroxyl  and  carbonate 
groups.  Nevertheless,  an  additional  small  weight  loss  process  from 
150  to  250  °C  is  observed  for  PI 20,  which  can  be  attributed  to  the 
loss  of  the  crystal  water.  Because  the  final  products  of  these  TG 
analyses  are  determined  to  be  C03O4  (see  below  for  the  XRD  results, 


Fig.  7),  the  formulas  of  PI 20  and  PI 50  can  be  calculated  to  be 
Co(OH)i.3(C03)o.35  0.14H20  and  Co(OH)i.24(C03)o.38,  respectively, 
after  considering  the  quantitative  results  of  the  weight  losses. 
Apparently,  the  minor  change  in  the  ratio  between  OFT  and  C032- 
leads  to  a  substantial  change  in  the  particle  morphology. 

After  being  calcined  at  400  °C  or  500  °C,  all  of  the  basic  cobal- 
tous  carbonates  are  expected  to  become  cobalt  oxides.  Fig.  6  shows 


Fig.  7.  SEM  micrographs  of  the  electrode  laminates  made  of  different  Co304  particles:  a)  sticktight-like  Co304  calcined  at  400  °C;  b)  sticktight-like  Co304  calcined  at  500  °C;  c) 
nanosheet  Co304  calcined  at  400  °C  and  d)  nanosheet  Co304  calcined  at  500  °C. 
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Fig.  8.  XRD  patterns  of  the  prepared  Co304:  a)  sticktight-like  Co304  calcined  at  400  °C; 
b)  sticktight-like  Co304  calcined  at  500  °C;  c)  nanosheet  Co304  calcined  at  400  °C  and 
d)  nanosheet  Co304  calcined  at  500  °C. 

that  nanostructures  of  sticktights  and  nanosheets  can  retain  after 
the  calcination.  However,  after  a  grinding  during  the  preparation  of 
electrode  laminates,  the  sticktight-like  morphology  is  broken  into 
smaller  particles  (Fig.  7a,  b)  while  the  nanosheet  morphology  can 
still  be  largely  retained  (Fig.  7c,  d).  Furthermore,  the  samples 
calcined  at  400  °C  (Fig.  7a,  c)  are  more  stable  than  those  calcined  at 
500  °C  (Fig.  7b,  d),  because  some  short  needle-like  particles  can  be 
found  in  P120  after  being  calcined  at  400  °C  (Fig.  7a,  the  framed 
particles)  but  have  disappeared  after  being  calcined  at  500  °C 
(Fig.  7b).  Also,  more  intact  nanosheets  are  observed  in  P150  after 
being  calcined  at  400  °C  (Fig.  7c)  than  after  being  calcined  at  500  °C 
(Fig.  7d).  The  XRD  patterns  of  the  calcined  products  on  a  copper  foil 
(Fig.  8)  indicate  that  except  for  the  diffraction  peaks  from  the 


copper  substrate  they  all  belong  to  a  pure-phase  of  C03O4  with 
different  degrees  of  crystallinity  depending  on  the  calcination 
temperature.  Because  the  diffraction  peaks  of  these  samples 
calcined  at  400  °C  are  very  weak,  we  do  not  calcine  the  samples  at 
a  lower  temperature. 

3.2.  Electrochemical  performance  of  C03O4 

Transition  metal  oxides  always  have  a  high  specific  capacity  of 
about  hundreds  of  milliamperes  per  gram.  All  of  the  cobalt  oxides 
obtained  through  different  routines  have  high  capacities.  It  can  be 
seen  in  Fig.  9  that  the  sticktight-like  structure  oxide  shows  a  high 
specific  capacity  of  over  1000  mAh  g-1  at  the  second  cycle  (Fig.  9a, 
b),  which  is  higher  than  those  of  the  nanosheet-Co304  electrodes 
(Fig.  9c,  d).  This  higher  capacity  may  be  attributed  to  their  higher 
specific  surface  because  the  sticktight-like  samples  have  broken 
into  nanoparticles  during  the  electrode  preparation  process.  The 
specific  capacity  of  the  nanosheet  samples  is  somewhat  lower  but  it 
is  still  as  high  as  900  mAh  g-1.  There  are  two  plateaus  at  about  1.1  V 
and  1.0  V,  respectively,  on  the  first  discharge  curve  which  are 
generally  attributed  to  the  partial  reduction  process  into  LixCo304 
[20]  and  the  reduction  into  metallic  cobalt.  Note  that,  the  high 
voltage  plateau  at  1.1  V  is  only  observed  for  the  nanostructured 
C03O4  with  high  specific  surface  area.  The  sloping  curve  from  1.0  V 
to  0.01  V  should  be  mainly  related  to  the  reversible  interface 
lithium  storage  [21]  or  the  formation  of  a  gel-like  film  [22,23], 
which  results  in  the  higher  capacity  than  the  theoretical  capacity 
calculated  based  on  the  traditional  theory  (C03O4  +  8Li  =  3Co 
+  4Li20,  890  mAh  g_1).  Also,  to  a  small  extent,  the  formation  of 
a  so-called  solid  electrolyte  interphase  (SEI)  layer  occurs  in  this 
discharge  process.  Note  that  the  formation  of  SEI  layer  is  irrevers¬ 
ible  and  leads  to  some  initial  capacity  loss.  The  samples  calcined  at 
400  °C  show  a  low  initial  capacity  loss  of  15.6%  for  the  sticktight- 
like  sample  (Fig.  9a)  and  18.8%  for  the  nanosheet  sample  (Fig.  9c), 


Fig.  9.  Voltage  profiles  of  different  Co304  samples:  a)  sticktight-like  Co304  calcined  at  400  °C;  b)  sticktight-like  Co304  calcined  at  500  °C;  c)  nanosheet  Co304  calcined  at  400  °C  and 
d)  nanosheet  Co304  calcined  at  500  °C.  The  electrode  composition  is  Co304:AB:PVDF  =  40:30:30  and  measured  at  a  current  density  of  300  mA  g-1. 
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Fig.  10.  Cycle  performance  of  different  Co304  samples:  a)  sticktight-like  Co304  calcined 
at  400  °C;  b)  sticktight-like  Co304  calcined  at  500  °C;  c)  nanosheet  Co304  calcined  at 
400  °C  and  d)  nanosheet  Co304  calcined  at  500  °C. 


which  is  quite  low  among  the  transition  metal  oxide  anodes.  The 
low  initial  capacity  loss  is  very  important  and  desirable  to  the 
anode  materials  because  the  corresponding  irreversible  reactions 
consume  active  lithium  form  the  cathode  side  and  a  high  initial 
capacity  loss  would  lead  to  a  low  capacity  of  the  full  cell.  Usually, 
transition  metal  oxides  have  a  higher  initial  capacity  loss  than 
graphite  because  not  all  of  the  electrochemical  reactions  during  the 
first  discharge  process  are  reversible.  The  initial  capacity  loss  of 
most  oxides  is  as  high  as  30%  or  even  more  [24-27],  which  has 
limited  the  application  of  oxide-based  anodes. 

The  cycling  performances  of  these  materials  are  shown  in 
Fig.  10.  The  capacities  of  these  samples  increase  after  the  second 
cycle  and  even  surpass  the  initial  capacity  after  several  cycles 
(Fig.  10a,  c).  The  increase  of  capacity  can  be  attributed  to  the 
pulverization  of  the  cobalt  oxides  that  leads  to  increasing  surface 
area.  After  about  40  cycles,  the  specific  capacities  become  stable 
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Fig.  12.  Rate  performance  of  different  Co304  samples:  a)  sticktight-like  Co304  calcined 
at  400  °C;  b)  sticktight-like  Co304  calcined  at  500  °C;  c)  nanosheet  Co304  calcined  at 
400  °C;  d)  nanosheet  Co304  calcined  at  500  °C  and  commercial  CoC03  calcined  at 
400  °C. 


and  the  highest  capacity  can  reach  1450  mAh  g-1  (Fig.  10a,  the 
sticktight-like  sample  after  being  calcined  at  400  °C).  Also,  most  of 
these  samples  can  retain  a  specific  capacity  of  over  900  mAh  g-1, 
which  is  much  higher  than  that  of  graphite  (372  mAh  g-1).  After  40 
cycles  and  disassembling  the  cell,  it  is  found  that  the  short  nano¬ 
needle  cobalt  oxide  in  the  electrode  has  been  pulverized  to  smaller 
particles  (Fig.  11)  and  no  short  nanoneedle  particles  can  be  found 
any  more.  For  comparison,  the  nanosheet  sample  is  more  stable  so 
that  the  morphology  retains  to  a  large  extent  even  after  40  cycles 
(Fig.  lie,  d). 

Fig.  12  shows  the  rate  capabilities  of  these  samples.  The  rate 
performances  of  both  the  sticktight-like  and  nanosheet  samples 
after  being  calcined  at  400  °C  are  quite  good  with  a  capacity  of  over 
800  mAh  g_1  retained  at  the  rate  of  10  C,  which  are  a  little  less  than 
that  at  the  rate  of  1  C  (Fig.  12a,  c).  The  capacities  also  increase  during 
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Fig.  11.  SEM  micrographs  of  different  samples  after  40  cycles:  a)  sticktight-like  Co304  calcined  at  400  °C;  b)  sticktight-like  Co304  calcined  at  500  °C;  c)  nanosheet  Co304  calcined  at 
400  °C  and  d)  nanosheet  Co304  calcined  at  500  °C. 
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the  first  several  cycles  even  when  the  current  density  increases 
from  1  C  to  2  C,  due  to  the  same  reason  as  explained  above  for  the 
cycling  results.  When  the  calcination  temperature  increases  to 
500  °C,  the  rate  performance  of  the  sticktight-like  sample  becomes 
worse  because  the  capacity  decreases  fast  with  increasing  the 
current  density  (Fig.  12b).  However,  the  nanosheet  sample  also 
exhibits  good  rate  performance  that  over  700  mAh  g-1  can  be 
retained  at  10  C.  The  difference  between  these  two  samples  is  that 
the  mechanical  strength  of  the  sticktight-like  sample  (ID)  is 
weaker  than  that  of  the  nanosheet  sample  (2D).  After  the  powder 
mixing  and  grinding  during  the  electrode  preparation  process,  the 
sticktight-like  particles  are  broken  into  smaller  pieces  (Fig.  7b).  The 
smaller  particle  size  may  lead  to  the  increase  in  the  degree  of  side 
reactions  between  the  C03O4  particles  and  the  electrolyte  solution 
[28].  Consequently,  the  C03O4  electrode  of  the  nanosized  particles 
experiences  a  significant  capacity  fade  at  high  C  rates. 

4.  Conclusions 

Basic  cobaltous  carbonates  with  sticktight-like  and  nanosheet 
morphologies  can  be  synthesized  through  a  hydrothermal  process 
at  different  temperatures.  After  calcinations  at  400  °C  and  500  °C, 
C03O4  with  the  same  morphologies  can  be  obtained  and  used  as 
electrode  materials  of  lithium  ion  battery.  Both  the  lower  calcina¬ 
tion  temperature  at  400  °C  and  the  nanosheet  morphology  are 
beneficial  to  achieve  better  electrochemical  performance.  The 
electrochemical  test  shows  that  the  nanosheet  C03O4  samples, 
especially  when  calcined  at  low  temperature,  exhibit  improved 
cyclic  performance  and  rate  performance. 
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